Purpose-To determine radiation dose indexes for computed tomography (CT) performed with renal colic protocols in the United States, including frequency of reduced-dose technique usage and any institutional-level factors associated with high or low dose indexes.
53.9% of patients were female. Institutions contributed a median of 268 (interquartile range, 77-699) CT studies. Overall mean institutional dose-length product (DLP) was 746 mGy · cm (effective dose, 11.2 mSv), with a range of 307-1497 mGy · cm (effective dose, 4.6-22.5 mSv) for mean DLPs. Only 2% of studies were conducted with a DLP of 200 mGy · cm or lower (a "reduced dose") (effective dose, 3 mSv), and only 10% of institutions kept DLP at 400 mGy · cm (effective dose, 6 mSv) or less in at least 50% of patients.
Conclusion-Reduced-dose renal protocol CT is used infrequently in the United States. Mean dose index is higher than reported previously, and institutional variation is substantial.
Kidney stones are common, have increased in incidence over the past several decades, and affect 10%-15% of people over a lifetime (1) (2) (3) . Unenhanced helical computed tomography (CT) is now the first-line imaging test for renal colic in the United States (4) (5) (6) (7) . Renal colic CT examinations are performed frequently: An estimated 1.8 million CT examinations were conducted in the United States for patients who presented with symptoms of renal colic in the emergency department from 2005 to 2007 (8) . While CT is accurate for diagnosis of kidney stones, CT involves ionizing radiation that is increasingly being discussed as a potential carcinogen (9) (10) (11) . Although controversial, there is evidence (12) to suggest that the risk of cancer attributable to radiation exposure increases linearly with exposure and may be relevant at even small doses.
Previous studies have shown that reduced-dose CT studies are accurate for the detection of renal stones (13) (14) (15) (16) (17) (18) (19) . A meta-analysis (20) of reduced-dose CT for renal colic (with effective dose less than 3 mSv) yielded a pooled sensitivity and specificity of 0.97 and 0.95, respectively, compared with conventional CT. The American College of Radiology Appropriateness Criteria state that CT is "usually appropriate" for imaging in acute-onset flank pain, while noting that reduced-dose techniques are preferred (11) . However, it is unknown the extent to which reduced-dose techniques have actually been implemented in the United States.
The purpose of this study was to determine the radiation dose indexes for CT examinations performed with renal colic protocols in the United States, including how frequently reduceddose techniques are used and any institutional-level factors that are associated with high or low dose indexes.
Materials and Methods

Study Sample
The Dose Index Registry (DIR), part of the American College of Radiology-sponsored National Radiology Data Registry (www.nrdr.acr.org), receives deidentified data from individual CT examinations performed at participating institutions (21) . Participating institutions send anonymized data to the DIR for all CT studies of all types that are performed, barring technical issues or scanner incompatibility. For each submitted study, the DIR includes the type of CT study, the technique factors for each acquisition, estimated CT dose index, and total dose-length product (DLP, in milligray centimeters), along with patient sex and age to the nearest year. Institutions are deidentified, but institutional demographics are available. Institutional demographics include the type of institution (community, academic, freestanding, multispecialty, or other), setting (metropolitan, suburban, rural), basic geographic region (Midwest, Northeast, South, West), the type(s) of CT scanner used (in terms of number of detector rows), and whether or not the institution is a trauma center. As the DIR does not include any protected health information, it is both institutional review board exempt and Health Insurance Portability and Accountability Act compliant. The DIR began accepting examination data in May 2011; however, different institutions began contributing to the DIR at different times.
The DIR uses a standardized radiologic lexicon, the RadLex ® Playbook IDs (RPIDs), to categorize CT studies (22) . To include all CT examinations performed in adults with protocols designed to detect kidney stones, the present study included RPIDs 344 (CT ABD KIDNEY CALC WO IVCON), 390 (CT ABD PELVIS KIDNEY CALC), 1067 (CT ABD PELVIS LO DOSE KIDNEY CALC WO IVCON), and 1521 (CT ABD PELVIS KIDNEY CALC WO IVCON) for patients aged 19 years and older. Data from institutions that contributed fewer than 10 total CT studies were excluded.
Supplemental Study Population
As part of an ongoing study of CT for renal colic at our institution, which began on May 25, 2011, just after beginning our institutional participation in the DIR on May 14, 2011, patients who underwent CT and were suspected of having renal colic were enrolled prospectively in the emergency department of Yale-New Haven Hospital (YNHH), an academic, urban tertiary care center with more than 80 000 annual adult emergency department visits. Data including height, weight, age, sex, race, and ethnicity were collected from these participants, along with dose indexes from CT examinations. For renal colic CT examinations performed at Yale in patients not enrolled in the prospective study, basic demographic information (age, patient sex, and subject location) was obtained.
The study of deidentified, aggregated DIR data did not constitute human subject research and was therefore exempt from institutional review board oversight and did not require informed consent. The supplemental study was approved by the Human Investigation Committee of the Yale Institutional Review Board as part of a clinical study to investigate the work-up of renal colic, and informed consent was obtained from the supplemental study participants. For subjects not approached for prospective enrollment (ie, not in the emergency department or in the emergency department during off hours for enrollment), consent was waived for the collection of basic demographic data.
Statistical Analysis
The dose information was analyzed at an institutional level. Each center reported the total number of CT studies for the RPIDs specified, along with summary statistics for dose index, including the mean, median, standard deviation, and interquartile range of DLP and estimated CT dose index. For comparison with dose indexes reported in the literature, approximate effective dose at the population level (in millisieverts) is calculated from the DLP by using a conversion factor of 0.015 mSv · mGy −1 · cm −1 for CT examinations of the adult abdomen and pelvis (23) and is reported in the present article in parentheses after DLP estimates. Additionally, the percentages of studies from each institution with a DLP less than 
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Author Manuscript 133, 200, 267, 333, and 400 mGy · cm (corresponding to approximate effective doses of 2, 3, 4, 5, and 6 mSv, respectively) were queried to capture an estimate of the percentage of reduced-dose studies being performed. In particular, we planned to look at the proportion of examinations performed by using a DLP of 200 mGy · cm or less (approximate effective dose of 3 mSv or less), as this has been a previously published threshold for reduced-dose or "low-dose" CT (20) . Associations between mean institutional DLP and institutional factors (type, environment, geographic region, and trauma designation) were evaluated by using linear regression, and models were assessed by using the F test. Logarithmic transformations of DLP were used to better approximate normality for linear regression models. The Shapiro-Wilk test was used to assess the normality of empirical dose index distributions. For the supplemental population, some participants underwent multiple CT examinations for renal colic, and each CT study was treated as a separate, independent event. Associations between patient factors (age and sex) and DLP in the supplemental population were evaluated by using Spearman correlation. A two-sided P value of less than .05 was considered to indicate a significant difference. Statistical analyses were performed by using SAS version 9.1 (SAS Institute, Cary, NC) and R 2.15.1 (R Foundation, Vienna, Austria). 
Results
Study Sample Characteristics
DIR CT Dose Results for Renal Colic Studies
Overall mean DLP reported for the 93 institutions was 746 mGy · cm (11.2 mSv), and mean institutional DLP ranged from 307 to 1497 mGy · cm (4.6-22.5 mSv). A histogram of the distribution of mean institutional DLP to the nearest 100 mGy · cm is shown in Figure 1 .
The median DLP for all institutions for a CT study for renal colic was 668 mGy · cm (10.3 mSv), with median institutional DLPs ranging from 235 to 1320 mGy · cm (3. West compared with the Northeast was significantly associated with a lower mean DLP (P = .0004), and the "other" category of facility was also significantly associated with lower mean institutional DLP (compared with the "academic" category, P = .01). The overall fit of the model was significantly different from a null model (F 10,89 = 2.713, P = .006).
Reduced-Dose CT Results
Of 49 903 CT examinations, only 90 CT examinations (0.2%) were performed with a DLP of 133 mGy · cm or less (2 mSv), and 1010 CT examinations (2%) were performed with a DLP of 200 mGy · cm or less (effective dose of approximately 3 mSv or less). The frequency with which institutions use lower-dose CT is summarized in Table 2 . Only nine institutions (10%) kept the DLP at 400 mGy · cm or less for at least 50% of examinations. By using a cutoff value of a DLP less than 200 mGy · cm for reduced-dose CT, 20 institutions (22%) used reduced-dose CT for at least 1% of examinations, but only one institution used reduced-dose CT for at least 25% of examinations.
Supplementary Analysis of Renal Colic CT Results from a Single Institution
There were 1136 renal colic protocol CT studies submitted to the DIR during the study period (all RPIDs, 390). There were 3 days during the 20-month enrollment period in which DIR studies were not transferred, owing to technical reasons. Of the studies in the DIR from YNHH, 906 were performed in patients in the emergency department, and 516 of these studies (57%) were performed in patients who were prospectively enrolled in the ongoing study of patients undergoing CT by using a renal colic protocol. Kidney stones were clinically suspected in 513 of 548 patients (93.6%) who were undergoing CT in the emergency department and were approached for enrollment. The remaining 6.4% of CT examinations were nonenhanced studies performed for indications other than kidney stones and were not included in the analysis. Demographics of prospectively enrolled patients are shown in Table 3 . There were 513 patients in this prospective study, and three participants underwent two CT examinations. The population was 49% female, and the mean age was 44.0 years. For women, the mean age was 42.8 years (range, 19-90 years), and for men, the mean age was 45.1 years (range, 19-92 years). The DLP showed a positively skewed distribution with most dose indexes close to 700 mGy · cm, but with a long tail of higher DLP (Fig 2) . Mean DLP for included CT examinations was 749 mGy · cm ± 422 (11.2 mSv ± 6.3). Despite transformation, individual DLP was not normally distributed and had nonlinear relationships with continuous predictors, especially toward extreme values. DLP was highly correlated with weight (r = 0.867) and body mass index (BMI) (r = 0.849) and was loosely correlated with age (r = 0.231) and height (r = 0.235).
Discussion
Our results show that reduced-dose CT protocols are not used frequently and that there is a large variation in mean dose indexes between different centers. Our results suggest that reduced-dose techniques for renal colic protocol CT studies are underused, and dose indexes could likely be lowered substantially, particularly at institutions with very high mean dose indexes.
The variation in DLP between institutions is not primarily due to differences in axial examination lengths, as the median institutional estimated CT dose index differed as much as sixfold, from 4.9 mGy to 32.3 mGy. Some heterogeneity may be explained by differences in patient populations and CT scanner equipment, but differences in technique factors (tube current, peak kilovoltage, and pitch) are presumably responsible for the rest of the variation. That some institutions can, on average, perform a study for a similar indication with less than 20% of the dose used at other institutions, suggests that dose index for renal colic protocol CT is not as low as reasonably achievable at many U.S. centers.
The mean effective dose for renal colic CT in our study is 11.3 mSv, which is higher than most published protocols, and single-institution estimates were around 6.5 to 8.5 mSv, but these were less than an estimate of 15 mSv at four institutions in San Francisco (7, 24) . While we have included an estimated effective dose (23) , it is important to note that effective dose is a population-based estimate based on mean adult BMIs and is not intended for individual dosimetry. Kidney stones are associated with obesity, and the high mean BMI in the YNHH population mirrors that of the U.S. population in general and those with kidney stones in particular. Obese patients (BMI of 30 kg/m 2 and higher, which is close to the mean BMI of 29.3 kg/m 2 in the YNHH population) undergoing CT with a kidney stone protocol may receive more than three times the effective dose of nonobese patients (BMI < 24 kg/m 2 ) (25) . While DLP is a standard measure of dose index, it may not represent effective dose in a particular patient, and DLP is being supplanted by size-specific dose estimate and other metrics (26) . For the time period we queried, less than a third of CT studies included a report of size-specific dose estimate to the DIR, so we have not included it in this analysis, though this metric may be used in future analyses.
The risk of radiation-associated cancer for an effective dose of this magnitude depends on patient sex and the age of exposure and has wide confidence intervals, but it is estimated to be approximately one additional cancer per 1000 CT examinations over a lifetime, averaged over age and patient sex (8, 27) . On a population level, CT studies are estimated to cause 0.4% of cancers in the United States (28, 29) . On an individual level, the high rate of kidney stone symptom recurrence can result in repeated scanning over a lifetime, summing up to an important personal risk, especially in patients whose body habitus requires higher radiation doses to obtain diagnostic clarity. We observed a wide range of effective doses between CT studies by using the same CT renal colic protocol at a single institution. Clinicians must recognize the heterogeneity in effective doses for patients and cannot assume a universal risk for all patients when considering imaging options. While CT is the reference standard for work-up of flank pain, the diagnostic value of a full-dose CT examination should be weighed against its patient-specific risks, and reduced-dose CT, ultrasonography, or expectant management should be considered in appropriate patients.
While the risks of ionizing radiation for all types of CT studies are increasingly being appreciated, CT for flank pain is of particular interest because of the published accuracy of lower-dose techniques and the recognition by professional organizations that reduced-dose techniques are preferred when appropriate (11, 20) . The extent to which reduced-dose protocols are being used in the United States was not known. While use of the term "reduced dose" has been criticized for lack of specificity (30), a reduced-dose CT study for renal colic has generally been considered to be an effective dose of 3 mSv or less (19) . Our study shows that less than 2% of CT studies for work-up of kidney stones in this national registry used 3 mSv or less, and nearly 80% of institutions contributed no reduced-dose CT studies. The clinical appropriateness of lower-dose techniques has been demonstrated for more than a decade now; however, our study shows that little progress has been made in the routine clinical application of these techniques in the United States (13) . The reduction of dose associated with medical imaging is an important public health and patient safety priority (31) , and efforts to use reduced-dose techniques must be strengthened to make meaningful improvements in patient safety. Future research should help identify systemic and institutional factors that prevent the widespread adoption of reduced-dose techniques.
Our study had a number of limitations. Although it included 93 institutions from a variety of practice settings and covered all major U.S. geographic regions, the 265 CT scanners used in our study make up only 2.1% of the estimated 12 740 CT scanners in the United States (32) , so our study may not accurately capture the practices of the many institutions that perform CT examinations for renal colic in the United States. While the DIR is intended to capture data on every CT study performed at each institution, it is possible that certain CT scanners were not up to date enough to contribute data and that for technical reasons, not all CT information may have been transferred. Our sample was not random, as it included only the self-selected institutions that contribute to the DIR. These institutions may be more likely to make efforts to control radiation doses, and, thus, the true use of reduced-dose techniques may be overestimated, and the mean effective dose for renal colic protocols may be underestimated. A second limitation of the DIR data is that the radiation dose was considered in isolation, not in the context of patient habitus. For this reason, we performed the supplemental study that included BMI and detailed clinical information from a single institution. Even though the BMI was recorded for the YNHH data, there are substantial differences in not only the body fat percentage for a given BMI, but also the distribution pattern of fat between the sexes and individuals (central vs peripheral adiposity), which were not directly taken into account. We were unable to consider the use of automatic exposure control systems in this study. The use or lack of use of automatic exposure control systems may explain part of the variation in dose indexes. We used a cutoff value of DLP to identify reduced-dose techniques; we were unable to query whether a study used a reduced-dose protocol directly. Using this cutoff likely inflates our already small estimate of reduced-dose techniques, as normal protocol studies in short, thin patients might well be unintentionally included as having a reduced dose. Radiation doses were evaluated without reference to other parameters, such as diagnostic accuracy and radiologist diagnostic confidence, as this was felt to be beyond the scope of the present study. Furthermore, the relationship and relative importance of scanner equipment, including manufacturer, age of scanner, number of sections, and availability of dose-reducing iterative reconstruction software, were not evaluated.
Ideally, CT protocols are set at each institution by radiologists who seek to balance image quality believed to be needed for diagnostic accuracy against the radiation exposure by using the "as low as reasonably achievable" principle (33) . In the current study, dose estimates were examined at institutional and aggregate levels, and this study is not intended to provide guidance regarding appropriate dose for individual patients. It is expected that image resolution requirements for diagnosis and patient habitus will result in some patients receiving substantially more radiation. Because patient populations vary considerably geographically and between healthcare settings, the adoption of reduced-dose protocols by a given institution needs to be evaluated in the context of the patient population it serves.
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Implication for Patient Care
■
The high mean dose index and wide variation suggest that some institutions are not using CT protocols for renal colic that deliver doses as low as reasonably achievable; appropriately reducing the dose index for these studies could reduce the radiation dose received by patients, theoretically lowering the long-term risk of malignancy on a population basis. Histogram shows number of CT studies in a prospective emergency department sample (total, n = 516) with DLP to the nearest 100 mGy · cm. Note.-Data are the number of centers, out of the total 93 centers included, with at least a certain percentage of CT examinations performed with a DLP less than a certain level. Numbers in parentheses are percentages.
* Approximate effective dose in millisieverts calculated by using a conversion factor of 0.015 (22) .
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